Several investigations
have been reported in recent years on the excitability of single nerve cells and the electrical properties of the neuronal membrane (Araki and Otani, 1955; Coombs, Eccles and Fatt, 1955; Frank and Fuortes, 1956 ; Coombs, Curtis and Eccles, 1957a, b; Ito, 1957) . In those reports studies were made on the threshold depolarization produced by rectangular current pulses applied directly to the soma membrane.
In some cases, there was found a gradual rise in the threshold depolarization with the increase in the latent period and references were made to its possible relationship with accommodation in the neuronal membrane (Araki and Otani, 1955; Frank and Fuortes, 1956 ; Coombs et al., 1957 b) . However, no systematic research has been reported on accommodation in nerve cells, which will be explored only with slowly rising currents delivered as direct stimulation. In the present paper, responses of toad's spinal motoneurons to exponentially increasing currents will be described. Thus the main problem treated here is accommodation in the motoneurons, but reference will be made also to some minor experiments as to the nature of local response and a paradoxical state of the synaptic transmission, i.e., Wedenski inhibition. electrotonic  potentials  could  be  recorded  by  connecting  the  junction  of  Arms  I and  II   and  the  movable  contact  C  between  Arms  III  and  IV  to  the  input  of the  preamplifier,   while  stimulating  currents  were  delivered  to  the  circuit  through  the  rest  two  joints  of   the  arms.  The  balancing  of  the  bridge  was  achieved  with  ease  by  the  trial  and  error   method,  when  the  tip  of  the  microelectrode  was  situated  in the  ventral  horn  before 
METHODS

RESULTS
I. Electrotonic potentials As described in the previous paper (Araki and Otani, 1955) , the membrane potential changes exponentially with a time constant of several milliseconds when a rectangular current of subthreshold intensity is delivered to a motoneuron through an intracellular electrode.
With exponentially increasing currents, the rise of electrotonic potential was somewhat retarded in its initial stage, so that the whole rising phase showed an S-shape.
An example is shown in fig. 1 . In this figure, records in the second and the fourth columns represent 2. Local response in soma evoked by direct stimulation As indicated above, within the range of the current intensity less than half the threshold value, catelectrotonic (depolarization) curves appeared similar to the corresponding anelectrotonic ones, but in opposite sign. However, as the current intensity approached the threshold value, the catelectrotonic potential became gradually larger than the anelectrotonic potential. This had already been noticed also with rectangular currents of just subthreshold intensities, as reported in the previous paper (Araki and Otani, 1955) . Only it became more conspicuous in the present case, where exponentially increasing currents were applied and the threshold for spike discharge was more or less raised due to accommodation.
The difference in potential rise between the cathodal and the anodal currents can be regarded as a local response according to the definition given by Hodgkin (1938) .
In motoneurons somewhat deteriorated, the local response could be seen rather easily also with rectangular currents owing to the raised threshold for spike discharge.
In that case, it appeared as a hump of several millivolts superposed on the catelectrotonic potential in its early stage.
On the contrary, in motoneurons in good condition, it seemed that the local response could be isolated from the spike only when the threshold for the latter was raised by the development of accommodation. Consideration on the causal relationship between electrotonic potential, local response and spike potential leads necessarily to the discussion on sites of origin of impulses in motoneurons.
Since Araki and Otani (1955) first suggested, based on their experimental findings on toad's motoneurons, the possibility that the impulse was initiated from non-myelinated portion of axon and axon hillock, while the soma was excited secondarily even in the case of direct and synaptic stimulation, researches along this line appeared in succession with cat's motoneurons (Fatt, 1957 ; Fuortes, Frank and Becker, 1957; Coombs et al., 1957 a, b). Except for Fatt, who gave a different interpretation to the same experimental data, all are in agreement in concluding that also with synaptic and direct stimulation an impulse arises primarily in the neighborhood of the axon hillock and invades soma-dendritic membrane secondarily, minor discrepancy in detailed discussion being ignored.
The evidence for this was the step on the rising phase of the spike potentials, which was particularly accentuated by using a circuit of electrical differentiation.
This conclusion, however, seems not always valid with toad's motoneurons.
Indeed, Washizu in our laboratory found in most cases an inflexion on the rising phase of the spike potentials evoked by synaptic and direct stimulation, when tested with a differential circuit (unpublished).
In the present research, however, cases were sometimes encountered in which the inflexion was hardly noticeable even on differentiated records, especially when slowly rising currents were used as direct stimulation ( fig. 3 ). In this connexion, it should be emphasized that there were two modes of transition from electrotonic potential to spike potential. In the one case, the rising phase of the spike potentials was introduced by a phase of slow rise in potential which suggested the presence of local response preceding the spike ( fig. 4, a) . The potential rise was accelerated smoothly up to the spike, so that no sharp demarkation could be given between the local response and the spike. and, in some cases, the rhythmicity.
Many of the cathodal potential curves obtained with slowly rising currents showed undulation with a periodicity of 10 msec. or so. Record 1 in fig. 5 shows an example of this undulatory elevation. Records in each column of fig. 5 represent responses of the same motoneuron to currents increasing exponentially with varying time constants to a certain, same end-value.
In the right column, anelectrotonic potentials, which were produced by currents of similar time course but opposite in sign, were photographically superposed on the records of motoneuronal response, the former being printed up-side down in order to facilitate comparison.
In the case of record 1, a current increasing exponentially with a time constant of 22 msec. was applied.
The local response in the record continues to rise for a while even after the current has begun gradually to subside. This fact coincides with current conception that the local response is a self-developing process which rises to a certain extent relatively independently of the existing catelectrotonic potential.
After it has reached a certain size it must decline unless followed by a spike potential, thus showing a more or less fixed length of duration or an undulatory rise of potential if several responses occurred in succession.
The falling phase of a well-developed local response, as often encountered in somewhat deteriorated motoneurons, used to terminate in a potential level a little lower than the control ( fig. 6 ). This means that the permeability of the soma membrane to ions of some kinds may be augmented in that period, as in the case of after-hyperpolarization following a spike potential fully developed.
3. Local response in soma evoked by antidromic excitation An antidromic impulse travelling along a motor axon generally invades the soma and evokes a soma-dendritic (SD-) spike. But sometimes it fails to invade the soma, leaving a small deflexion, which is considered to represent the spike potential in the initial segment of motor axon (IS-spike), on the records obtained with an intracellular electrode located in the soma. Also it has been known that the local response in the soma is sometimes detected superposed on IS-spike, especially when the excitability of the soma is just below the critical level needed for antidromic invasion (Brock, Coombs and Eccles, 1953) . Following experiment shows us clearly that such a local response is not a spike response in a localized region adjacent to axon hillock, but a local response in the sense that it is a graded response and therefore capable of summation.
Records in fig. 7 represent responses of a single motoneuron to double shocks given to the ventral root.
The shock interval was increased stepwise from the top record in the left column to the bottom one in the right. In this case, it happened that the excitability of the soma was just critical for the antidromic invasion of impulses, so that they succeeded to invade only on occasion.
When the first antidromic impulse failed to invade the soma, the second one did invade without fail, provided that the shock interval was not too long for the summation of two successive local responses.
The small size of the second response in record b indicates that it represents relatively pure IS-spike, which incidentally fell in the refractory phase of soma and failed to evoke a local response.
All other small responses in the rest records are therefore of composite nature, consisting of an IS-spike and a local response in the soma.
Threshold depolarization for spike discharge
In the experiments with currents rising exponentially to a certain endvalue, spike potentials appeared with an increasing latent time as the rise of stimulating currents was retarded step by step. As stated in Section 2, spike potentials were set up in two different types, LR-type and abrupt-type. In either type, the threshold depolarization for spike discharge remained constant till the latent time became longer than about 10 msec.
Beyond this limit, the threshold depolarization rose gradually with increase in the latent time. Attention should be given, however, to the fact that different sites of origin of spike potentials were herein concerned according to the type of spike initiation. In the case of an abrupt-type, the observed threshold will indicate the threshold of the initial segment as recorded in the soma, whereas in the other case it reveals the threshold depolarization of the soma itself. In the former, the threshold depolarization of the soma will be indicated indirectly by the potential level at which the inflexion appears on the rising phase of spike. Fig. 8 , a shows the rise of threshold depolarization with increase in the latent time. The smallest threshold depolarizations in each case, as revealed by rectangular current stimulation, ranged from 5.0 mV to 10.9 mV for IS-spike and from 20.7 mV to 35.4 mV for SD-spikes, which were tentatively assumed to begin from the inflexion point.
It seems likely that the accommodation in the initial segment (drawn lines in fig. 8, a) in soma (broken lines).
This conclusion seems to be fortified by the fact that the inflexion between IS-and SD-spikes became as a rule less marked as the rise of stimulating currents became slower. Further, in some motoneurons, responses to a rectangular current or currents with relatively steep rise were always of an abrupt-type and, therefore, preceded by an IS-spike, whereas those to slowly rising currents were of LR-type and seemingly pure SD-spike ( fig. 5,  g-l) .
This indicates that in the initial segment of motor axon accommodation develops in general faster than in the soma.
Strictly speaking, however, fig. 8 , a does not allow any quantitative comparison between two regions, because, in the case of the abrupt-type, SD-spikes are always induced by the electrotonic potential due to IS-spikes which accelerates the depolarization of the soma in the region adjacent to the initial segment with a rather constant speed irrespective of varying time constants of stimulating currents. From this reason, measurements of the threshold depolarization were carried out on tracings of LR-type. Results obtained from five motoneurons were plotted in fig. 8 , b. It shows only a small rise in threshold depolarization even with a latent time of as long as 20-30 msec., confirming the previous conclusion that the accommodation developed in general faster in the initial segment than in the soma.
The threshold depolarization due to rectangular current stimulation was found within the range of 8 mV and 20 mV, which was higher than that for IS-spike.
Some arbitrariness was inevitably involved in determining the point at which a local response turned into a spike, so that the allowance of one or two millivolts should be made for the estimated threshold depolarization especially when it is to be compaired with that of the abrupt-type.
But in the latter case, the real threshold of the initial segment should have been a little lower than the recorded potential, because there must have been electrotonic decrement of the membrane potential between the soma and the initial segment.
Therefore, it may be safely concluded that the threshold depolarization was higher in the soma than in the initial segment at least on the average.
The threshold depolarization of the soma as determined directly on tracings of LR-type is apparently much lower than the potential at which the inflexion appears on the rising phase of the spike of the abrupt-type. This point will be discussed below. In all cases, the stimulating currents rose during the first 80 msec., after which they decayed with the same time constant as their rise.
Time constant of accommodation
The experimental procedure was similar to that of the measurement of threshold depolarization, except that in this case the final voltage was increased stepwise up to the threshold, while the time constant of current rise was kept constant in each series of stimulation.
The same procedure was repeated with stimulating currents of different time constants.
The spike potentials on the oscilloscope were not recorded because they served only as indication of the effective stimulation.
In fig. 9 , the ratios of the final voltages of the exponentially increasing duction block which usually occurs at this point. Therefore, the failure of transmission was evidently caused by the lowered excitability at the initial segment.
The highest depolarization brought about by summated postsynaptic potentials was in this case 16.1 mV and was still considerably lower than the threshold of soma, which was estimated to be about 21 mV from the inflexion point on the rising phase of the spikes.
The raised threshold of the initial segment seemed to be accounted for largely by an accommodative process which was brought about by the sustained depolarization due to summated postsynaptic potentials. Secondly, the inflexion on the rising phase of spikes was more marked and higher in its position in later coming spikes than in their predecessors, which seemed to suggest that the threshold of soma was also raised.
In this connexion, it is worthy of note that the size of later coming spikes was much smaller than that of preceding spikes, which was in striking contrast to relatively constant spike size in the case of antidromic repetitive stimulation. At first sight, this would seem to be attributable simply to the steady depolarization due to summated postsynaptic potentials. Indeed, in the case of direct stimulation with slowly rising currents, a small reduction (up to 10 per cent) was found in spike size, when a spike was elicited after a slowly developing depolarization lasting as long as 30 msec.
In the present case, however, the reduction in the spike size was too marked to be accounted for only by sustained depolarization.
The occurrence of the first spike, together with the steady depolarization, seemed to be responsible for the reduced size of spikes which followed.
It is most likely that the steady depolarization retarded the recovery after the first spike in reference to both excitability and spike size. This explanation is also pertinent to the fact that the second spike which occurs on occasion in response to an orthodromic excitation or direct stimulation with long lasting rectangular current is always much smaller than the first. On the contrary, antidromic repetitive firing mostly brought about a shift of soma potential toward slightly hyperpolarized level, which may have been favorable in keeping constant spike size.
DISCUSSION
As stated above, the mode of response of toad's spinal motoneuron to depolarizing currents directly applied to soma can be devided into an LR-type and an abrupt-type.
In the former the spike potential is initiated primarily in the soma, introduced by a local response in the soma, while in the latter it is initiated from the initial segment of axon.
On the other hand, it is said that in cat's motoneurons spikes are always initiated from the initial segment of axon. This difference due to animal species seems to be attributable at least in part to the difference in resting potential, which is lower in toad's motoneurons by about 10 mV than in cat's motoneurons.
In fact, it is known that the same toad's motoneuron responds in LR-type when depolarized and in abrupt-type when hyperpolarized (Araki, unpublished) . Also with cat's motoneurons, it has been reported that preceding a spike there appears a gradually increasing spikelike process superimposed on the EPSP of near threshold intensity, when the motoneuron membrane is beforehand slightly depolarized by an applied current (Coombs et al., 1955) . Coombs et al. (1957 b) have duly pointed out that the SD-spike begins at the first sign of inflexion in the differentiated IS-spike potential and consequently it starts from a potential level much lower than that derived from the inflexion in the potential record of the whole spike (cf. Coombs et al., 1955; Eccles, 1957) . In this paper, the depolarization level of inflexion in the spike potential of an abrupt-type was measured only as an indication for the estimation of accommodation in the soma, assuming that the potential level of inflexion and the threshold vary in parallel. Therefore it is not surprising that the threshold depolarization of the soma determined directly on tracings of LR-type was apparently much lower than the inflexion potential in the spikes of abrupt-type. In addition, the response in LR-type is naturally to be expected in motoneurons with relatively low threshold of soma.
No systematic research has been reported on accommodation in cat's moto- (1952 a, b) , accommodation in the giant axon of Loligo consists in partial inactivation of the sodium carrier mechanisms and persistence of the raised potassium conductance associated with membrane depolarization.
Results of the present research are consistent with this theory in the fact that increase in the threshold current due to accommodation brought about at the same time an increase in the threshold depolarization.
Due to the partial inactivation along with the raised potassium conductance, higher depolarization would have been needed for sodium inward current to overcome potassium outward current.
From the same reason it may be inferred that higher inactivation of the sodium carrier system resulted in the appearance of local response.
Wedenski inhibition in the synaptic transmission seems also attributable to the inactivation of the sodium carrier mechanisms. Similar phenomenon has been found with the cervical sympathetic ganglion of the rabbit (R. M. Eccles, 1955) . It seems worthy of note, that neurons in this ganglion and toad's spinal motoneurons show equally prominent "early after-hyperpolarization", which was referred to as a positive dip after the spike in our previous reports. It is probable that both of them have relatively low membrane potentials in the resting state and tend to partial inactivation of the sodium carrier system rather with ease.
The result mentioned above showing regional difference in accommodation in single motoneuron corresponds to our previous findings that the initial segment has a chronaxie shorter than that of soma (Araki and Otani, 1955 ) and seems to provide another evidence for the functional differentiation of the two regions in a single neuron. SUMMARY 1. Electrical activities of single motoneurons in excised toad's spinal cord were explored with intracellular microelectrodes. 2. On the oscilloscopic tracings, the initiation of spike potentials was classified into two types: an LR-type and an abrupt-type.
It was shown that in the former spike potentials were initiated from the soma introduced by local response, while in the latter they were initiated from the initial segment of
